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The endangered terrestrial mammal species inhabit forests. 
All endangered mammal species are important to nature and 
human. The endangered mammal species are protected by 
national laws and international conventions aiming to spe-
cies conservation. Yet, endangered mammals are at a higher 
risk of extinction compared to the non-protected species from 
industrial-scale forest conversion for agricultural plantations, 
heading towards the least disturbed, remote and most pref-
erable forests for endangered mammal species (e.g., oil palm 
plantations are threatening great apes (Wich et al., 2014) and 
forest-dwelling wildlife (Strindberg et al., 2018). 
Historically, human has changed the mammal diver-
sity patterns (Faurby & Svenning, 2015). Long-term temporal 
human activities on wildlife and plant diversity can affect their 
distribution in space leading to a potential increase of threat-
ened plant species (Feng et al., 2017), of animal species like 
large-body carnivore, for example, Giant otter (Antunes et al., 
2016), as well as to a megafauna loss (Barnosky et al., 2016).
Deforestation is one of the prime causes of global 
biodiversity decline due to species habitat loss (Pimm & Raven, 
2000). Expansion of agriculture land and pastureland has led 
croplands and pastures to become one of the largest terrestrial 
biomes contributing to forests’ biodiversity loss (Foley et al., 
2005). IUCN (2016) confirms that species habitat loss and spe-
cies utilisation are the key threats of the threatened species 
that have a high risk of extinction in the wild. Globally, twenty-
two percent of all mammal species were threatened (critically 
endangered, endangered and vulnerable) with habitat loss and 
species utilization as major threats, pastureland and cropland 
as possible threats, while forests, shrub lands and grasslands 
as the most common preferable habitats by terrestrial mam-
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The changes in forest cover can determine the survival of terrestrial endangered mammal species in the wild. 
This study assessed the impacts of forest cover changes on endangered mammal species distribution at global 
scale aiming to understand how the changes in forest cover may have impacted the distributions of 35 endan-
gered small and large-body terrestrial mammals. There were used forest data obtained from time-series analy-
ses of Landsat images between 2000 and 2014, species occurrence records collected by observations between 
2000 and 2015 of Global Biodiversity Information Facility and species range data of International Union for Na-
ture Conservation (IUCN) of the year 2015, to test the ‘natural and resource conditions’ hypothesis. Hypothesis 
on ‘natural and resource conditions’ produced models with high prediction accuracy of above 70 percent for 88 
percent of 35 species models. The changes in forest cover explained species occurrences in 10 percent of all 
species models. In average, 59 percent of species occurrence records overlapped with species range data. The 
51 percent of all species had no occurrence records between 2000 and 2015. Species and forest data collection 
as well as transnational cooperation for conservation of species roaming in the wild in upland forested areas and 
in cross-border areas may be critical for endangered mammal species conservation.
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mal species (IUCN 2016). Endangered species are placed be-
tween critically endangered and vulnerable species, and are 
considered ‘to be facing a very high risk of extinction in the 
wild’ (IUCN 2012). 
Species distribution modelling (SDMs) are used to 
produce spatially explicit predictions in relation to the relation-
ships between a species and its environment (Elith & Leath-
wick, 2009) using a larger and a more complex data collected 
for species as well as environmental data from remote sens-
ing. The most comprehensive data for the threatened species 
is provided by International Union for Nature Conservation 
(IUCN). These threatened species data were used in calculat-
ing the range map commission error (Di Marco et al., 2017), 
species-area relationships (Kehoe et al., 2016) and species dis-
tribution of mammals at global level (Ceballos & Ehrlich, 2006). 
These species data could also be useful to quantify species and 
environment relationships (Johnson et al., 2004).
To effectively conserve the endangered species, there 
is a need to have intensive and adequate estimates on the en-
dangered mammal species distributions and on the changes in 
forest cover to potentially identify any change in forests that 
is seriously threatening endangered mammal species by ad-
equately considering a forest cover threshold for endangered 
mammal species to survive and roam in the wild. This study 
was undertaken to assess the impacts of forest cover changes 
on endangered small and large-body mammal occurrences at 
global scale by using species range data and forest data. This 
study estimated the probability of occurrences in respect to 
the changes in forest cover (rainforest, savanna, sub-tropical 
forests), land use (cropland, pastureland), and environmental 
conditions (elevation, slope, aspect) for thirty-five endangered 
mammals species. Endangered mammal species distribution 
models were developed based on the ‘natural conditions and 
resources’ hypothesis that defined the natural factors as driving 
factors for species distribution. This study did not study the his-
torical endangered mammal species distribution, spatial scale 
where the animals perceived their environment and anthropo-
logical factors (e.g., human population) that limit endangered 
mammal species distributions. Here, the aim of the study was: 
1- how the changes in forest cover from 2000 to 2014 (Hansen 
et al., 2013) ccould have impacted the occurrences of 35 en-
dangered mammal species (Colby Loucks, WWF, IUCN, Maryke 
Gray, Alejandro Rodríguez/Cat SG, NatureServe, Panthera) as 
categorized by International Union for Nature Conservation 
(IUCN), in the year 2015. I identified the significance of forest 
cover (and its changes) on the probability of species occurrenc-
es for thirty-five endangered mammal species using geographic 
species ranges (henceforth ‘species habitat areas’) for eighteen 
endangered carnivore species and seventeen endangered non-
carnivore small mammals (small-body and or semi-aquatic spe-
cies) in Africa, Asia, Europe, North and South America (IUCN 
2016).
1. MATERIALS AND METHODS
1.1. Endangered species data
Geographical range maps were projected from WGS 84 to UTM 
(Universal Transverse Mercator) coordinate system in ArcGIS 
10.3 to accurately measure the Euclidean distance to the pro-
tected areas in meters, endangered mammal species habitat 
areas in km2 and to make all calculations for explanatory vari-
ables (see 1.2 Forest and environmental data). Using a UTM 
coordinate system, distortion of large habitat areas (e.g., Ly-
caon in Figure 1) in a continent was avoided (see e.g., Baselga 
et al., 2012).
Thirty-five terrestrial and semi-aquatic endangered 
mammal species, which preferably inhabited the forested ar-
eas according to IUCN (2016), were studied. In total, 60 percent 
of thirty-five endangered mammal species had a forest cover 
of above 30 percent. The forest cover of (above) 30 percent 
was an indicator of high biodiversity amongst (small) mammals 
(see, e.g., Estavillo et al., 2013). Cuon alpinus, Enhydra lutris 
Cynogale benetti, Lutra sumatrana, Tupaia nicobarica, Tupaia 
chrysogaster were excluded from the analysis. Cynogale ben-
etti, Lutra sumatrana, Tupaia nicobarica, Tupaia chrysogaster 
were excluded from the analysis because their species habitat 
areas covered entire island areas (I couldn’t fulfil the criteri-
on of pseudo-absence selection; see 1.3 Endangered species 
models). Cuon alpinus had a very large and complex range data 
to finalize the analysis. Enhydra lutris was an aquatic species, 
and its habitat area was disconnected from the forests. Mus-
tela nigripes was a reintroduced species and it was included in 
this analysis (Mustela in Figure 1). The thirty-five species are 
distributed in Europe, Asia, Africa, South America and North 
America (black and grey colour dots), Figure 1.
Biodiversity Assessment Unit, which is a part of the 
IUCN Species programme, assessed the data for endangered 
mammal species. Biodiversity Assessment Unit was established 
to map the distribution and assess the conservation status for 
each species and then to establish a global baseline for bio-
diversity monitoring (IUCN 2017b). IUCN species experts cal-
culated the species habitat areas indicating spaces where a 
species was extant (not extinct), or where a species was found 
permanently or periodically (IUCN 2016). The details on en-
dangered mammal species data, forest cover and endangered 
mammal species habitat area are in S1, S2 and Table S3.
I used 836 endangered mammal species occurrence 
records between 2000 and 2015 (GBIF.org 2018a), 986 endan-
gered mammal species occurrence records between 2000 and 
2017 (GBIF.org 2018b) based on observations, human obser-
vations and machine observations of GBIF and species habitat 
areas data for thirty-five endangered mammals habiting in for-
ested continental areas (not in forested islands), (Table S3). For 
every endangered mammal species, I calculated the number 
and the percentage of species occurrence records between 
2000 and 2015 (of Global Biodiversity Information Facility 
(GBIF)) that were found inside of endangered mammal species 
habitat areas.
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I used endangered mammal species habitat areas 
(of IUCN) to randomly select a priory 30 species occurrences 
(points) for every endangered mammal species (Figure 1) em-
ploying Create Random Points in ArcGIS 10.3., arguing that 
every endangered mammal species would be present within 
its endangered mammal species habitat areas and would be 
absent outside of its endangered mammal species habitat ar-
eas. For every endangered mammal species, I created a mask 
(polygon feature class in ArcGIS 10.3 with a larger area than an 
endangered mammal species habitat area) to include at least 
one protected area point data (IUCN and UNEP-WCMC 2015) 
outside the endangered mammal species habitat area(s) for 
calculating the distance to the nearest protected area variable 
and to randomly select thirty pseudo-absences point data (also 
located outside endangered mammal species habitat area(s)). 
The selection of pseudo-absences followed three conditions as 
follows: (1) the number of pseudo-absences was equal to the 
number of endangered mammal species occurrences records 
for every endangered mammal species, (2) only one pseudo-
absence location (point) was selected in a range of at least 1 
km far from any other pseudo-absence locations, (3) pseudo-
absences were preferably located in the forest areas outside 
(endangered mammal) species habitat areas because generat-
ing pseudo-absences further away from the optimum estab-
lished by the occurrence record endangered mammal species 
data may increase over-prediction of the model (Chefaoui & 
Lobo, 2008).
1.2. Forest and environmental data selection
Forest cover change is a sum of forest cover gain (positive sign) 
and forest cover loss (negative sign). Changes in forest cover 
(obtained from LANDSAT) were caused by fires, selective log-
ging, clearing of short cycle plantation in sub-tropical and tropi-
cal eco-zones, and rotation agricultural clearing of smallholder 
in dry and humid tropical forests (Hansen et al., 2013). With 
‘trees defined as vegetation taller than 5 m height’, forest cover 
in year 2000, forest cover loss, forest cover gain was calculated 
in percentage per output grid cell of approximately 900 m2 
(Hansen et al., 2013). Forest cover loss was a change from a 
forest to non-forest state, during the period 2000–2014, and 
forest cover gain is a change from non-forest to forest change 
within the period 2000–2012 (Hansen et al., 2013). I used for-
est cover data (approximately 900 m2) of Hansen et al. (2013) 
for the year 2000. 
Terrestrial Protected Areas (point) data of the ver-
sion July 2015 of the World Database on Protected areas (IUCN 
and UNEP-WCMC 2015) were used. The minimum Euclidean 
distances of species occurrences and pseudo-occurrence point 
Figure 1: Endangered mammal species habitat locations.
.
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data (see 1.3. Endangered species models) to the nearest pro-
tected areas (point data) were calculated by applying straight 
line in Spatial Analyst in ArcGIS 10.3 (Environmental Systems 
Research Institute 2016) producing a raster.
I used the total cultivated land, grass, scrub and 
woodland and forest cover grid data presenting the percentage 
share of the total grid-cell (of 5 minute latitude by 5 minute 
longitude grid cell) of Food and Agriculture Organisation (FAO) 
for the year 2000 (Fischer et al., 2008), and global and conti-
nental pastureland and cropland raster grid data (5 km × 5 km) 
that ranged from 0 to 1 (Ramankutty et al. 2010). The zero and 
one was respectively 0 percent and 100 percent of pixel area 
under either pastureland or cropland. Elevation raster data 
(1-minute arc) were respectively retrieved from the website of 
IUCN (IUCN 2017). Slope and aspect raster data (1-minute arc) 
were derived from the elevation data using Slope and Aspect in 
Spatial Analyst in ArcGIS 10.3, respectively. Terrain Ruggedness 
Index, diversity and fragmentation of forest patches (using for-
est cover of the year 2000) were respectively calculated using 
Morphometry and Pattern Analysis of SAGA GIS 6.1.0 (Conrad 
et al., 2015). A value of a raster (elevation, slope, aspect, dis-
tance to the nearest protected areas, pastureland, cropland, 
forest cover and forest cover change) was extracted and as-
signed to every (endangered mammal species) occurrence and 
pseudo-occurrence points. All variables were calculated using 
the extensions available in ArcGIS 10.3 (Environmental Systems 
Research Institute 2016) and SAGA GIS 6.1.0 (Conrad et al., 
2015). All information on variables is in Table S4.
1.3. Endangered species models 
I identified an a priory hypothesis on groups of variables that 
drive the occurrences of 35 endangered mammals species 
based on environmental conditions and resources that are re-
quired for species reproduction and survival (Table 1). I devel-
oped species ‘natural conditions and resources’ model by fol-
lowing an approach of Naves et al. (2003) that was developed 
for brown bear in Spain. ‘Natural conditions and resources’ 
models included environmental variables (elevation, slope and 
aspect, Terrain Ruggedness Index), forest cover, forest patches 
diversity, forest patches fragmentation, cropland and pasture-
land. Forest cover and forest cover changes were related to 
food abundance of the species (Table 1). The ‘natural condi-
tions and resources’ hypothesis is in S5.
For every endangered mammal species, a priory of 
thirty occurrences within endangered mammal species habitat 
areas data and thirty pseudo-absences of species outside of 
endangered mammal species habitat areas were randomly se-
lected using ArcGIS 10.3. The same number of occurrences and 
pseudo-absences was assumed for all endangered mammal 
species ignoring species type information (large-body mam-
mal, small-body mammal, carnivore, non-carnivore, terrestrial, 
semi-aquatic mammal), species reproduction rate, endangered 
species population number, and range map commission (Di 
Marco et al. 2017) in modelling.
Preceding regression analysis, I firstly removed the 
most highly correlated variables (Pearson correlation test; r > 
0.7) and less correlated variables were tested for their signifi-
cant differences with occurrence and pseudo-absence locations 
of the mammal species (Kruskal-Wallis test; p > 0.05). Spatial au-
tocorrelation (SAC) could be present in the dependent variable 
(species occurrences and pseudo-absences) because regions 
(areas) of an identified species occurrence could be sampled 
with higher intensity than other areas of unidentified species 
occurrences (e.g., Red List Species) (Dormann, 2007). The spa-
tial autocorrelation of the dependent variables, for every spe-
cies, was calculated using the software Geoda 1.8.12 (Anselin 
et al., 2006) for the spatial dependence of data (Anselin 1988) 
(similarity between species occurrences data).
Generalized linear models (GLM) with logit-link was 
used to relate the occurrence and pseudo-absence data to ex-
planatory variables to predict the probability of a given endan-
gered mammal species. GLMs are an extension of classic linear 
regression models (McCullagh & Nelder 1989). Binomial error 
structure (logistic regression) was used for these endangered 
mammal species data. A logistic regression model predicts the 
probability of a given endangered mammal species occurrence 
(estimated high probability values and estimated low probabil-
ity values of endangered mammal species occurrence would 
respectively mean suitable habitats and unsuitable habitats for 
a given endangered mammal species) at a given point location 
within the species study area. All GLMs were fitted within the 
program R 2.11.0 (R Development Core Team 2011) using the 
Table 1: Hypothesis of ‘Natural conditions and resources’ based on biotic and abiotic factors acknowledged for shelter, food and reproduction of endangered species 
mammals in the wild
Hypothesis Description References
Natural conditions 
and resources
The endangered mammal species need forests, high elevation to hide, breed 
and search for food. Lynx pardinus and Panthera tigris need stable and undi-
sturbed dense forests elevated land and topography for food and refuge and 
breed at landscape level. Primates would mostly occupy areas with a tree 
(forest) cover above 50 percent and small mammals above 30 percent. Small 
mammals tend to use forests, surrounded by pastures and tree crops and 
can use farmland for food search. Threatened terrestrial mammal species 
can possibly occupy frontier landscape for refuge (shelter).
(Estavillo et al., 2013; Fernández et al., 
2003; Kanagaraj et al., 2011; Rogers & 
Gorman, 1995; Fernandez et al., 2006; 
Nüchel et al., 2018; Ester et al., 2018)
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packages of ‘bbmle’, ‘biodiversityR’, ‘biomod2’, ‘brglm’, ‘DAAG’, 
‘foreign’, ‘glmmboot’, ‘verification’. 
There were thirty-five candidate models fitted (one 
GLM model for each species). Model performance was evalu-
ated with Akaike Information Criterion (AIC) and adjusted-R2 
for GLM models. Regression analysis was repeated for every 
endangered mammal species (thirty-five) to calculate the coef-
ficients in terms of their sign and magnitude and significance 
(p-value < 5 percent). The estimated probability of species 
occurrence were from 0.5 (e.g., Naves et al., 2003) to 1.00 to 
set a threshold (average value H in Figure 3), (e.g., Liu et al., 
2005) for separating occurrences with high probability values 
(suitable habitat) and with low probability values (marginal and 
non-suitable habitat). The results of the selected model were 
mapped out to compare the prediction of endangered mammal 
species occurrences with endangered mammal species habitat 
area. Areas with probability values above the threshold were 
identified as a potential species conservation area.
1.4. Model evaluation
The endangered mammal species models were evaluated us-
ing two approaches. All models were evaluated for discrimina-
tion success by calculating the area under a receiver operating 
characteristic curve (AUC). The value of the AUC ranged from 
zero to one. AUC = 0.5 indicated a random prediction, AUC < 
0.7 was considered poor and AUC > 0.8 indicated high model 
ability to discriminate between high estimated probability of 
species occurrence (e.g., above threshold of 0.50) and low esti-
mated probability of species occurrence (e.g., below threshold 
of 0.50) (Hosmer & Lemeshow, 2000). In addition, the species 
models were evaluated using the true skill statistic (TSS), which 
is an alternative measure of model accuracy where kappa is in-
dependent of prevalence (Allouche et al., 2006). TSS has values 
between 0 and 1. TSS values between 0.5 and 0.7 indicate a 
good model prediction, between 0.7 to 0.85 a very good pre-
diction and between 0.85–0.9 an excellent prediction (Nüchel 
et al., 2018). I also ran permutation test for GLM estimated 
coefficients (10000 times) for a higher accuracy (Hesterberg, 
2015) and Confidential Interval (CI) with alpha level of 0.10 
(‘glmmboot’ package of R Development Core Team (2018)).
First, I calculated the predictive accuracy of our en-
dangered mammal species models using the deviance ex-
plained in percentage (D2) and a cross-validation approach. 
Cross-validation was used for logistic regression with a binary 
dependent variable to check if there was over-fitting in the fit-
ted models (Fernández et al. 2003; Kanagaraj et al. 2011). I ran 
cross-validation. I divided our data into 10 and 100 parts (folds). 
Nine folds were used for fitting the model and the tenth fold 
was used for model testing, in the case of 10 folds (the same 
procedure was followed for cross-validations of 100 folds). The 
value of cross-validation was calculated as an average value of 
probability value from 0 to 1 (DAAG package of R Development 
Core Team (2011)). For every endangered mammal species, I 
ran our species models by randomly removing one, two and 
four occurrence and replaced with randomly selected locations 
(no occurrence) of species and ran the GLM model. 
Second, I calculated the presence probability of oc-
currences based on species (GLM) models for every species us-
ing Maximum Entropy Presence (Phillips et al. 2006). I used a 
MaxEnt Package in C++ programming language of Dekan Lin in 
SAGA GIS 6.1.0. I compared the logistic regression (GLM) model 
predictions and presence probability of occurrence for every 
endangered mammal species. Then, I calculated the presence 
probability of occurrence records (based on the species (GLM) 
models) using GBIF species occurrence between 2000 and 2015 
(and cultivated land and forest data of FAO). I compared the 
average estimated probability obtained from GLM models with 
the presence probability of occurrence obtained from Max-
Ent. Finally, I overlapped the GBIF species occurrence records 
1- between 2000 and 2015 and 2- between 1885 and 2017 (i.e., 
without a time filter but filtering by observations) with endan-
gered mammal species habitat areas of IUCN to calculate the 
number of GBIF occurrence records and their percentage (out 
of total number of GBIF occurrence records) in species habitat 
areas, for every endangered mammal species.
2. RESULTS
2.1. Model results
Correlation between elevation and slope (Pearson’s r >= 0.70) 
was high for Macara maura endangered mammal species 
(r = 0.78). Correlation between forest cover and the nearest 
distance to protected areas as well as between elevation and 
forest cover was respectively high for Lepilemur microdon, 
(r = 0.80) and for Tapirus indicus, (r = 1). For these endangered 
mammal species, correlated variables, for example, elevation 
and slope, were separated into two GLM individual multiple re-
gression models. The GLM performances were calculated and 
compared in terms of estimator of AIC. The GLM model that 
obtained the lowest AIC value was then selected. In total, 88 
percent and 94 percent of 35 GLM models respectively per-
formed well in terms of model accuracy (the area under the 
Receiver Operating Characteristic Curve (AUC), AUC > 0.70 and 
TSS ≥ 0.50), (Table 2).
Environmental variables (elevation, slope, aspect, ter-
rain ruggedness index) were statistically significant explanatory 
variables (p-value < 0.05) for 48 percent out of 35 GLM mod-
els. Forest cover and/or diversity was respectively a statistically 
significant explanatory variable (p-value < 0.05) for 33 percent 
and 52 percent of estimated probability of carnivore and non-
carnivore species occurrence. Forest cover and forested land-
scape metrics of diversity were found in 31 percent of 35 GLM 
models. 
Forest cover change was present in two endangered 
mammal species models (Mungotictis decemlineata with AUC 
= 0.99 and TSS = 0.83 and Catopuma badia with AUC = 0.83 
and TSS = 0.66 in Table 2). While forest cover contributed posi-
tively to the estimated probability of occurrence records of Ca-
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topuma badia, forest cover change affected negatively to the 
estimated probability of occurrence records of this large-body 
mammal. Estimated probability of species occurrence records 
(and pseudo-absences above H > 0.50; Figure 2) tended to re-
spectively occupy dense forest cover above 89 percent and 27 
percent for Catopuma badia and Mungotictis decemlineata. 
Estimated probability of species occurrences tended 
to be near the protected areas in 22 percent of 35 GLM models. 
In total, 45 percent of mammal species including endangered 
mammal species of Lontra provocax and Lontra feline occupy-
ing vegetated coastal areas were negatively influenced by the 
expansion of pastureland and or of pastureland and cropland 
altogether (Table 2).
2.2. Evaluation of regression model results
The (average) species occurrence predictions of MaxEnt were 
higher than the species occurrence predictions (H in Figure 3) 
obtained from GLM models, for all endangered mammal spe-
cies. The average species occurrence prediction values ob-
tained (from MaxEnt) using GBIF occurrence data records and 
randomly selected endangered mammal species occurrences 
were very similar (above 0.90) (Figure 3).
On an average, 58.7 percent and 57.8 percent of GBIF 
species occurrence records overlapped with endangered mam-
mal species habitat areas (Figure 4). 
Very similar values were found between 10-fold and 
100-fold cross-validation for all species models. In total, 51, 74 
and 71 percent of GLM models with one, two and four ran-
domly replaced occurrences (with no occurrences) respectively 
obtained a higher AIC value (in absolute terms) (|∆AIC| > 2) 
compared to thirty-five endangered mammal species models. 
In total, 74 and 85 percent of GLM models with randomly re-
placed one, two and four species occurrences received lower 
values of ten fold-cross-validation and of AUC compared to 
thirty-five endangered mammal species model (see 1.4 Model 
evaluation). 
The results of the change of AIC (∆AIC), of ten-fold-
cross-validation and of AUC are shown in Figure S6.
3. DISCUSSION
The thirty-five-endangered mammal species were considered 
in this study because they present a good study case for the 
other species groups (Di Marco et al., 2017). This study results 
showed that distributions of thirty-five endangered mammal 
species were determined by the abundance of environmental 
resources, high elevation, and the presence of forested land-
scape. Forest cover, elevation and nearest distance to protected 
areas were the most significant (p-value < 0.05) explanatory 
variables of estimated probability of species occurrence indi-
cating that forested land, topography (elevation) and protected 
Figure 2: Estimated probability of species occurrence, species habitat areas, forest cover above 30 percent and protected areas of (a) 10- Mungot-
ictis decemlineata, (b) 35- Catopuma badia
.
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Figure 3: The average estimated probability obtained from GLM models and the presence probability of species occurrences obtained from Max-
Ent. The average estimated probability (H) is a threshold (average) value of occurrence predictions obtained from GLM models. Presence prob-
ability_1 was obtained by using random species occurrences within species habitats obtained from MaxEnt, for thirty-five species. Presence prob-
ability_2 was obtained by using GBIF species occurrence records between 2000 and 2015 for six species (> 20 occurrence records) from MaxEnt. 
There were excluded sixteen species with no GBIF occurrence data records and eleven species with GBIF species occurrence records between one 
occurrence record and twelve occurrence records. The numbers of GBIF occurrence records are in Table S3. There were no results for species Tapi-
rus bairdii (number twenty-seven)
Figure 4: The percentage of GBIF occurrence records between 2000 and 2015 and between 1885 and 2017 overlapped with IUCN endangered 
mammal species habitat areas. Endangered mammal species number two and twelve had no occurrence records between 2000 and 2015
.
.
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forests can strongly determine the endangered mammal spe-
cies occurrences in their forested habitat areas. Forests were 
also determined by other studies as key-factors for terrestrial 
species survival, for example, for Lynx pardinus, Panthera tigris, 
Ailuropoda melanoleuca and Gorilla beringei (Fernandez et al., 
2006; Fernández et al., 2003; Kanagaraj et al., 2011; Yu et al., 
2003; Strindberg et al., 2018) and for terrestrial endangered 
mammal species (IUCN 2016). Terrestrial and semi-aquatic 
mammal species preferred elevated, rugged and forested land-
scape in twenty-eight percent of GLM models. The GLM results 
supported the view that elevated forested land can provide ref-
uge areas for terrestrial and semi-aquatic species. Antunes et 
al. (2016) found, respectively, that 80 percent and 50 percent 
of terrestrial and aquatic species (including Pteronura brasilien-
sis) in Amazon forests refuged into upland forested areas and 
thus were saved from hunting activities. High topography helps 
habitat diversity and higher species richness, for example, of 
plants (Distler et al., 2009), which could be searched for food 
by endangered mammal species.
The GLM models demonstrated that distributions 
of large-body carnivore of Catopuma badia and small mam-
mal species of Mungotictis decemlineata can be condition-
ally distributed by the changes in forests. They showed that 
estimated high probability of occurrences of Catopuma badia 
(above 0.66) and Mungotictis decemlineata (above 0.84) in 
Figure 2 were located in dense forest cover of 96 percent and 
34 percent, respectively, within their species habitat areas. 
The species of Catopuma badia and Mungotictis decemlineata 
showed clear patterns of areas with high probability of occur-
rences with respect to a dense forested landscape, indicating 
that dense forested landscape is a natural resource condition 
for these species to persist. I note here that the forest cover of 
thirty percent is a threshold for the diversity of small mammals 
(Estavillo et al., 2013).
I used GLMs for identifying the areas of high prob-
ability of species occurrences in relation to environmental and 
natural resources and conditions that determine the distribu-
tion of the mammal species. The GLM models are used in habi-
tat modelling of large-carnivore species because they are an ef-
fective modelling approach for species distribution modelling, 
which perform well with adequate species data and handling 
non-linear response between species occurrences and environ-
mental variables (Kanagaraj et al. 2013). Yet, I checked endan-
gered mammal species model results and species assumption 
on selecting randomly occurrences within endangered mam-
mal species habitat areas for the GLM species models (see 1.1. 
Endangered species data) by randomly removing a different 
number of species occurrences and by replacing species occur-
rences with no species occurrences (see 1.4 Model evaluation). 
Endangered mammal species models (with replaced occur-
rences) performed worse than the species models (∆AIC > 2) in 
Table 2. About 60 percent of GBIF endangered mammal species 
occurrences coincides with endangered mammal species habi-
tat areas (of IUCN). Overall, the assumption on the randomly 
selection of endangered mammal occurrences within endan-
gered mammal species habitat areas was adequate.
3.1. Data differences
I used species and forest data collected around the same time 
in order to reduce the data differences for species and forest 
cover changes. I used the most relevant species data of the year 
2015, which were provided by IUCN and GBIF. Yet, 17 percent 
and 46 percent of endangered mammal species had respec-
tively less than twelve occurrence records or no GBIF occur-
rences records being collected between the year of 2000 and 
2015. The increased detailed data availability on forest cover 
changes caused by forest activities (logging, clear-cutting) 
would improve the predictions of species distributions and the 
understanding of relationships between the spatial and tem-
poral changes in forest cover and the changes in endangered 
mammal species occurrences (records). Overall, I argue that 
there is a need for a standardized monitoring of endangered 
mammals species data, for gathering of intensive data and evi-
dences on the changes in forested landscape, and of detailed 
data on negative impacts of any forest activity on forests like 
clear-cutting, selective logging (selective tree cutting), mecha-
nization use (for tree removal), of forest activity noise, and on 
the stage of agriculture development. Ester et al. (2018) found 
that different stages of agriculture landscape (high intensified, 
low intensified agriculture) determined the distribution of ter-
restrial mammal species. Strindberg et al. (2018) measured the 
canopy height (Gorilla beringei species preferred high trees be-
tween 25 m to 35 m), to distinguish between selective logging 
(high trees) and swap forests (shorter trees) and found that 
tropical forests were degraded, when selective logging was ap-
plied. The removal of high trees (> 25 m) can possibly change 
the occurrences of Gorilla beringei species from logged to un-
logged (intact) forests. The forest clear-cutting (cutting down 
all trees in a given area) could dramatically change the Gorilla 
beringei occurrences pushing this species away from cleared 
forested area. This should be investigated for Catopuma Badia 
that was negatively impacted from the forest cover changes. In 
addition, any removal tree activity is associated with noise due 
to mechanization used in forests. High noise levels may disturb 
endangered mammal species. Buxton et al. (2017) estimated 
high noise levels in protected areas (in USA) and found that an-
thropological noise caused by extraction activities of land use 
(e.g., logging) disturbed endangered species in the protected 
areas.
The endangered mammal species model results 
clearly demonstrated that the expansion of cropland and or 
pastureland to forested habitat was associated with fewer esti-
mated probability of endangered mammal species occurrence 
(Table 2). This was in line with the findings of Mohd-Azlan and 
Sanderson (2007), who found that the changes in land use, for 
example, from forests to cropland, were one of the threats to 
Catopuma badia carnivore species. In line with the studies of 
endangered species that were threatened by high-intensity 
land use (Pekin & Pijanowski 2012), the findings of this study 
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support the view that fewer estimated probability of species 
occurrence in cropland and or pastureland were the result of 
the expansion of cropland and or pastureland land on forests 
and shrub lands. Forested landscape modification caused by 
the expansion of cropland (and or pastureland) to forested 
land was one of the key drivers of global species loss (Fischer 
& Lindenmayer, 2007). Ester et al. (2018) found that intensified 
agricultural landscapes threaten worldwide terrestrial mammal 
species, while the expansion of low intensity agriculture can be 
considered as a threat (to the Wildness Areas including mam-
mals), if the agricultural expansion occurs in the future (Veach 
et al., 2017).
3.2. Role of protected areas and of cross-border areas
Protected areas are a key-solution for conserving biodiver-
sity throughout the world (DeFries et al., 2007; Pollock et al., 
2017), for protecting species habitat due to the implementation 
of wildlife laws. Strindberg et al. (2018) showed that a higher 
density population of endangered species of gorillas including 
Gorilla beringei and chimpanzees were found in protected ar-
eas and where wildlife laws were enforced. Panda, a symbol of 
an endangered species, was formerly distributed over a larger 
area including China and its cross-border areas with Vietnam 
and Burma, but today, this species can be found only in few 
provinces in China as result of hunting, logging and clearing for 
agriculture (MacKinnon & De Wulf, 1994). Protected areas were 
then designed to save this species (Liu et al., 2001). After a few 
decades, the classification of the endangered species of panda 
changed from a ‘threaten’ species to a ‘vulnerable’ species in 
the year 2016 (www.iucnredlist.org).
To achieve Aichi Target 11 for protecting biodiversity 
in the future (Pollock et al., 2017), countries can establish and 
upgrade (new) protected areas. The expansion of new pro-
tected areas could improve mammal diversity (Pollock et al., 
2017) for all countries involved in species conservation. Pro-
tected areas can be expanded and or can be newly established 
in the surrounding of the existing protected areas (in cross-
border areas or in country) to reduce the human pressure on 
protected areas and their edges. Almost all carnivore species 
were not present at the edges of protected areas and carni-
vore diversity was higher in protected areas with low human 
disturbance (Baker & Leberg, 2018). This study showed that 
estimated probability of occurrences for twenty-two percent 
of endangered mammal species, for example, Mungotictis de-
cemlineata (Table 2), tended to be located in the proximity of 
the protected areas, indicating that the surroundings of pro-
tected areas could also be effective in species conservation and 
protection (e.g., DeFries et al., 2007; Knorn et al., 2012). The 
surrounding areas of the protected areas can be (surrounding) 
human land use that can maintain source habitat of species 
Figure 5: The percentage of forest cover in the year 2000 for endangered mammal species. Forest cover data were provided by Hansen et al 2013.] 
.
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(Hansen & DeFries, 2007), though there is a strong need for 
better understanding of the sensitivity of species towards local 
human land use, particularly, towards old-growth forests and 
secondary and species-rich secondary forests that vary in tree 
species (forest) composition (see Rozendaal et al., (2019)). New 
protected areas can also be established outside the protected 
areas, where there is a considerable population of endangered 
mammal species. For example, Strindberg et al (2018) found 
that around 80 percent of the endangered species of gorillas 
including Gorilla beringei and chimpanzees in Africa were found 
outside of the protected areas occupying landscape with intact 
forests. This would require enforcement to protect the gorillas 
and chimpanzees population and intact forests. Here, new pro-
tected areas could be established where forest cover is above 
thirty percent for small mammal species diversity (Estavillo et 
al., 2013), above fifty percent for primates as shown by the for-
est data (species numbered from 29 to 31 and 33 in Figure 5), 
as well as by studies on mammal species of Nüchel et al. (2018), 
and on gorillas including Gorilla beringei and chimpanzees of 
Strindberg et al. (2018).
An efficient management of protected areas would 
require new data collection on forests, on endangered mam-
mal species and on their species preys. The gathering of new 
data and of new scientific evidences could not miss areas with 
higher prey densities that is attractive to carnivore endangered 
species for searching food, for example, Panthera tigris altaica 
(Carroll & Miquelle 2006). This can help in identifying new areas 
with large(r) population of endangered mammal species inhab-
iting intact or less disturbed forests.
The thirty-seven percent of endangered mammal spe-
cies were protected by IUCN protected areas categories from 
one to four (Table S3). The forty-five percent of endangered 
mammal species had a shared species habitat area amongst 
countries. The categories of protected areas (applied to endan-
gered mammal species habitats) varied amongst countries. This 
means that the management and enforcement changed from 
one country to another by potentially affecting species survival. 
To efficiently conserve endangered mammal species and for-
ests in their cross-border areas countries may apply a regional 
approach (Iojă et al., 2010) by (re)establishing protected areas 
preferably of the same high protection categories (from one to 
four) of IUCN. This cannot only help countries unify the man-
agement and enforcement in their protected cross-border ar-
eas, but also help them increase gains in forest cover and in 
carbon sequestration (Viña and Liu, 2017) affecting the climate.
4. CONCLUSIONS
Against the extinction of threatened species, alternatives are 
drawn to conserve species. Many studies focus on calculating 
the conservation areas for species and proposing the creation 
of new protected areas to conserve threaten animal species. 
Protection of forested landscape and upland forests either in 
cross-border areas or in countries can be a conservation option 
for terrestrial and semi-aquatic endangered mammal species. 
I conclude that conservation of endangered mammal species 
may potentially need an effective regional approach to be ap-
plied by the countries supported by continuous and standard-
ized monitoring of species and forest data collection as well as 
by updated scientific evidences to better conserve terrestrial 
and semi-aquatic endangered mammal species and mammal 
diversity in forests.
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SUPPLEMENTARY MATERIAL 
S1. Species habitat areas
For every endangered mammal species, the information was 
collected on species classification, geographical range, red list 
category and criteria, habitat preferences, major threats, con-
servation measures, species utilisation (https://iucnredlist.org/
initiatives/mammals/process/methods). A distribution map 
was available (polygon) that consisted of more than one poly-
gon where there was a discontinuity in a species suitable habi-
tat, for every endangered mammal species (IUCN 2016). 
Species had different habitat areas with the small-
est habitat area of Melogale everetti (20.6 km2) and the larg-
est habitat area of Pteronura brasiliensis (7100 km2), Table S3. 
The largest area of 94 percent covered by forests was found for 
Lepilemur microdon and Catopuma badia followed by Gorilla 
beringei with a forest cover area of 93 percent. The greatest 
forest cover loss of 19.7 percent was calculated for Tapirus indi-
cus species. The largest area covered by pastureland and crop-
land was respectively found for Mustela nigripes, 80.5 percent 
and for Macara maura, 43.1 percent. The habitat areas of the 
species of Ailuropoda melanoleuca, Canis simensis and Lontra 
feline were divided into more than 10 smaller habitat areas. 
The species habitat area protection varied amongst countries 
in terms of the number of established protected areas (point 
data) within a cross-border species habitat area. For example, 
the species habitat areas of Pteronura brasiliensis were not 
protected (in the cross-border areas) by all countries in South 
America. There was found a discrepancy in the numbers of es-
tablished protected areas for the species of Elephas maximus in 
14 countries located in Asia. In total, 37 percent and 63 percent 
of (35) endangered species were protected by IUCN category 
(maps.iucnredlist.org) between one and four (higher protec-
tion) and between five, six and unknown (lower protection). 
Here, we note that all protected areas are not explicitly estab-
lished for the endangered mammal species conservation (Table 
S3).
S2. Characteristics of species habitat area
1. Ailuropoda melanoleuca. The species habitat area was divid-
ed into twenty smaller areas (twenty polygons) situated in an 
averaged elevated land of over 2000 m above sea level and in 
a forested land area that was protected. 2. Ailurus fulgens. This 
species had a cross-border habitat area. The species habitat 
area was not divided into smaller areas (it was one single poly-
gon). The species habitat area was located at very high elevated 
areas, in forested areas and was protected. 3. Canis simensis. 
The species habitat area was divided into twelve smaller areas 
(twelve polygons) placed in low elevation with few forests in it 
and it was not protected. 4. Galidictis grandidieri. The species 
habitat area was located close to a coastal area with few forests 
in it, though it was not divided and not protected. 5. Leopardus 
jacobita. The species habitat area was divided into one large 
area and three small ones situated in high elevated land with 
limited forests protection. 6. Lontra feline. The species habitat 
area was divided into 11 smaller habitats along the coast. This 
was a cross-border species habitat area and was not protected. 
7. Lontra provocax. The species habitat area was divided into 
one large area and seven smaller ones. This coastal species hab-
itat area was shared amongst countries. 8. Lycaon pictus. The 
species habitat area was divided into small areas across twen-
ty-two countries with some cross-border habitat areas. The 
species habitat had a low forest cover. The species protection 
varied across countries, yet, most of the countries tend not to 
protect this carnivore species. 9. Melogale everetti. The species 
habitat area was a one small patch on coastal area with some 
forests in it and was not protected. 10. Mungotictis decemlin-
eata. The species habitat area was divided into three habitat 
areas on coastal forested area with a limited number of protect-
ed areas inside of the southern habitat. 11. Mustela nigripes. 
This species was introduced into three small habitat areas at 
elevated land with some forests in it. There were no protected 
areas within the species habitat areas. 12. Panthera tigris. The 
species habitat area is divided into smaller areas inside and in 
cross-border areas. The species habitat areas were in twelve 
countries. Not all habitat areas were protected by twelve coun-
tries. 13. Prionailurus viverrinus. The species habitat area was 
divided amongst eleven countries and there were cross-border 
species habitat areas. The species habitat areas tended to 
be forested land, but not well-protected by all countries. 14. 
Pteronura brasiliensis. This was one large cross-border habitat 
area situated in dense forested areas shared by ten countries. 
This habitat area was not protected by all countries. 15. Lynx 
pardinus. Habitat area was divided into two smaller areas with 
some forests in it. The species habitat area was not protected in 
the eastern habitat area. 16. Panthera uncia. The species habitat 
areas were cross-border species habitat area shared by fifteen 
countries. The species habitat areas had sparse vegetation. The 
species protection varied amongst countries. 17. Prionailurus 
planiceps. The species habitat area was placed in islands with 
dense forests with some parts on coastal surfaces. The spe-
cies habitat was divided amongst four countries showing dif-
ferences in species habitat protection. 18. Otomys burtoni. The 
species habitat was one (one polygon) forested area, but not 
protected. 19. Voalavo antsahabensis. This species habitat area 
was one habitat area covered by forests and not protected. 20. 
Sicista armenica. This was one single habitat area placed in high 
elevation with little forests and not protected. 21. Thomasomys 
hylophilus. This was a cross-border species habitat area (shared 
by two countries) covered by forests at high elevation and not 
protected. 22. Mirogale jobihely. The species habitat area was 
one habitat forested area, and not protected. 23. Chrysospa-
lax trevelyani. The species habitat was one habitat located on 
a coastal area with some forests in it. The species habitat was 
not protected. 24. Pantholops hodgsonii. The species habitat 
was one large habitat area with sparse vegetation and it was 
partially protected. 25. Gazelle leptoceros. The species habitat 
area was divided into one big and four smaller areas in a desert 
land. The big habitat area was protected. 26. Catagonus wag-
neri. The species habitat area enriched with forests was one 
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cross-border habitat area that was shared by three countries. 
This species habitat was protected by two countries. 27. Tapi-
rus bairdii. The species habitat area was shared amongst seven 
countries. The species habitat areas were located in forested 
land and on coastal areas. 28. Tapirus indicus. The species habi-
tat areas were divided into smaller areas shared amongst four 
countries. There were found large differences in species protec-
tion. 29. Lepilemur microdon. The species habitat area was one 
habitat area located in very dense forests at high elevation, and 
not protected. 30. Cercopithecus preussi. The species habitat 
areas were divided into one larger cross-border species habi-
tat area and seven smaller habitat areas. The species habitat 
areas were situated in forests with a limited protection. There 
were no protected areas in the cross-border species habitat 
area. 31. Gorilla beringei. The species habitat area was divided 
into one large area and five small areas. The species habitat 
areas were in dense forests, but they (species habitats) were 
not protected. 32. Trachypitheus francoisi. The species habitat 
area was divided into two large habitats and nine small areas. 
This was a cross-border habitat area. Forests were preferred by 
species. There were well-protected species habitat areas. 33. 
Macara maura. The species habitat area was one habitat area 
located in the forested area with limited protection. 34. Elephas 
maximus. The species habitat area was a large habitat area 
shared by fourteen countries. The species habitat areas were 
enriched with forests in cross-border areas. There was found a 
large discrepancy in the protection amongst the countries. 35. 
Catopuma badia. The species habitat area was one large cross-
border habitat area rich of forests. The species habitat area was 
protected, but the number of protected areas differed by 90 
percent and 10 percent between two countries.
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Table S4: Data source and variables used for GLM models
Variable data collection  
for GLM
Variable name Description Data source Variable calculation
Survey/Observations
GBIF species occur-
rences
Species data records 
were collected for 
the period between 
2000 and 2015 
(GBIF.org 2018a) -
Survey/Observations
GBIF species occur-
rences
Species occurrence 
records between 
2000 and 2017
(GBIF.org 2018b) -
Time (year of forest data 
observations)
Forest cover 2000; 
forest cover change 
2000-2014
LANDSAT images 
data calculation
(Hansen et al., 2013)
Percentage per output grid cell 
of approximately 900 m2
See species occurrences
Species pseudo-ab-
sences (see species 
occurrences)
A randomly selected 
species pseudo-ab-
sences
Species habitat areas 
of IUCN (IUCN 2016)
Randomly selected 30 species 
pseudo-absences outside and 
around of a species habitat 
area(s)
Expert contribution Species occurrences 
A randomly selected 
species occurrences 
Species habitat areas 
of IUCN (IUCN 2016)
30 species occurrences using 
Create Random Points in 
ArcGIS 10.3 within a species 
habitat area(s)
Expert contribution
Terrestrial Protected 
Areas
Point data of the 
version July 2015 
of the
World Database 
on Protected areas 
(IUCN and UNEP-
-WCMC 2015)
Straight line in Spatial analyst 
in ArcGIS 10.3
Terrain Ruggedness 
Index (TRI)
Derived from ele-
vation
See elevation
Morphometry of SAGA GIS 
6.1.0
Slope of the terrain 
(see elevation)
Derived from eleva-
tion, 1-minute arc 
raster data 
See elevation
Slope in Spatial Analyst in 
ArcGIS 10.3
Aspect of the terrain 
(see elevation)
Derived from ele-
vation 1-minute arc 
raster data 
See elevation
Aspect in Spatial Analyst in 
ArcGIS 10.3
Survey
Elevation above sea 
level
1-minute arc raster 
data (IUCN 2017)
Diversity
Derived from forest 
cover of the year 
2000
See forest cover
Pattern Analysis of SAGA GIS 
6.1.0
Fragmentation
Derived from forest 
cover of the year 
2000
See forest cover 
Pattern Analysis of SAGA GIS 
6.1.0
Survey Pastureland 
Raster grid data with 
a resolution of 5 km 
× 5 km
Data of the year 2010 
(Ramankutty et al., 
2010)
The percent of pixel area of 
pastureland
Cropland 
Raster grid data with 
a resolution of 5 km 
× 5 km
Data of the year 2010 
(Ramankutty et al., 
2010)
The percent of pixel area of 
cropland
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S5. Hypothesis on natural factors 
Environmental variables were related to food abundance and 
refuge areas of mammals. Natural factors consisted of raster 
layers of forest cover, forest cover change, elevation, slope, 
aspect, pastures, distance variable of protected forests, Ter-
rain Ruggedness Index and landscape metrics of forest patch 
diversity and fragmentation. Large-carnivore species like lynx 
(Lynx pardinus), tigers (Panthera tigris) need stable and undis-
turbed dense forests as well as elevated land and topography 
that provide suitable habitats for food and refuge and breed 
(Fernández et al., 2003; Kanagaraj et al., 2011). All 35 mammal 
terrestrial species were assumed to rely on forests as forests 
were the first preferable habitat for them followed by shrub 
lands and grasslands (IUCN 2016). The changes in forest cover 
(e.g., from forests to cropland) could be a threat to large-body 
mammal species as Catopuma badia (Mohd-Azlan & Sanderson 
2007). Pekin and Pijanowski (2012) found that disturbed and 
overused forests may threat mammal species at a global scale. 
Small mammals tend to use forests, for example, in Brazilian At-
lantic forests, surrounded by pastures and tree crops (Estavillo 
et al., 2013) and primates were located in the protected areas 
with a forest cover above 50 percent (Nüchel et al., 2018). Small 
mammals can use farmland in some areas (see, e.g., Rogers & 
Gorman 1995). Low-intensity cropland and rangelands (pas-
tures) may help keep up the biodiversity of mammals, while 
high-intensity cropland can significantly threat mammal species 
at global level (Pekin & Pijanowski 2012). Generally, cropland 
could be a suitable area for food to small mammal species, but 
not necessarily to large-body carnivore mammals. I assumed 
that low intensity agriculture and pastureland in tropical for-
ested areas could be used as refuge (shelter) (Ester et al., 2018) 
areas for endangered mammal species. 
A set of variables was assumed to plausibly explain 
the existence of all these endangered species in the wild. En-
vironmental variables (elevation, slope, aspect), protected or 
non-protected forests were commonly often used in species 
modelling (Fernández et al., 2003; Gaillard et al., 2010; Kanaga-
raj et al., 2011; Soto & Palomares, 2015; Nüchel et al., 2018). 
These environmental variables explained mostly the existence 
of species in their habitat areas for food and or refuge. Forests 
were the most preferred habitats for terrestrial mammal spe-
cies (IUCN 2016) including 35 endangered mammal species. 
Figure S6: GLM results obtained by randomly replacing one, two and 
four occurrences with no occurrences for endangered mammal species 
(indicated by number species from one to thirty-five) models: (a) the 
change of Akaike Information Criteria (AIC), (b) the ten-fold cross-vali-
dation (CV) and (c) the Receiver Operating Characteristic Curve (AUC). 
There were no GLM model results for endangered mammal species of 
Tapirus bairdii numbered twenty-seven, because there were no vari-
ables resulting from Kruskal-Wallis test.
.
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